sensation and movement to behaviour, language and states of consciousness. Before experimentalists had come round to it, his clinical researches had convinced him that different activities are localized in different parts of the brain.
In 1870, when Fritsch and Hitzig discovered that the cortex is electrically excitable, Jackson's ideas about the cerebral localization of movements began to interest experimental neurologists: first Ferrier, then Horsley, Schafer and Sherrington. Fritsch and Hitzig made no mention of Jackson; but it had been one of Ferrier's first objectives ' to put to experimental proof the views entertained by Dr. Hughlings Jackson on the pathology of Epilepsy, Chorea and Hemiplegia, by imitating aitificially the "destroying" and "discharging" lesions of disease, which his writings have defined and differentiated.' (Ferrier 1873) Since my own interests are in the neurophysiology of movement, I must limit myself to this part of Jackson's work. On the evidence of this part alone, I hope to show that his writings still deserve the concentrated effort that their study demands. If they are difficult to read, this is because they are teeming with ideas, jostling one another in text and footnotes; ideas mostly untestable in his lifetime, or for which generally accepted structural and physiological bases, and perhaps even a common language, did not yet exist. He knew that he was struggling to get them understood. ' In spite of the encouragement I have received from these [Ferrier's] researches, I feel that it requires more skill than I possess to make my subject clear to those who have long worked at epilepsy from a totally different point of view ' (1874; Taylor 1931, p 177) , that of the ' "genuine" epilepsy of authoritiesthat is, epilepsy beginning with loss of consciousness.' (Taylor 1931, p 155) By contrast, his formal expositions of his everyday clinical practice are models of clarity, almost, if not quite, in the Gowers class: for example, on 'Optic Neuritis from Intracranial Disease' (Taylor 1932, p 251) (he first taught physicians to use the ophthalmoscope), and on 'Diagnosis of Tumours of the Brain' (Taylor 1932, p 270) . Today, when new technical possibilities are unfolding as never before, the neurobiologist who shares one of his many interests, and who wrestles 'with his text and footnotes, may well find himself grateful for some hard-headed suggestions for research.
Everyone knows that Jackson's work on movements was founded mainly on the very detailed description of focal convulsions due to 'discharging lesions' of parts of the brain, and also on the analysis of the loss of movements in cases of 'destroying lesion'. It is well to begin by distinguishing facts of localization from concepts of function (see Phillips 1966) .
CORTICAL LOCALIZATION
The Fact ofLocalization: 'Convulsion as a Symptom of Disease ofthe Brain' (Taylor 1931, p 37) Before Fritsch and Hitzig discovered the excitability of the frontal cortex of the dog, Jackson had been collecting cases of 'convulsions beginning unilaterally', and challenging the general belief that all parts of the cerebral hemispheres were equipotential: 'The fact that the symptoms are local implies, I hold, that there is of necessity a local lesion ... where the fits always start on one side and always in the very same fingers, it is simply incredible that there is no persistent local lesion.' (Taylor 1931, p 24) He granted that in most cases there would be no changes discoverablepost mortem.
'I should still believe in their existence ... And even in those cases where we do find a lump in the brain ... we do not discover the very changes on which the discharge depends. The lump does not discharge, but some ("softened") part of the brain near itwhich part cannot be destroyed or it would not discharge at all, but which part must be diseased or it would not discharge so much, nor in so disorderly a manner, nor on slight provocation' (Taylor 1931, p 25) . ' If we were to return to the oldest hypothesisthat there is Satanic possessionthen in local seizures the possession must be of some part of the nervous system.' (Taylor 1931, p 252.) ' The important matter, with a view to localisation, being the starting-point of the spasm, our clinical study of it must be minute and precise.' (Taylor 1931, p 332) From 1864 until the first results of Ferrier's stimulations were published (1873), Jackson 'believed the corpus striatum to be the part discharged in convulsions beginning unilaterally', although in 1868 'and several years before I believed the convolutions also to contain processes representing movements' (Taylor 1931, p 38) . It had been hard to get clinicopathological evidence of localization, and it would continue to be hard: 'The cases I have recorded have for the most part been cases of tumour, and the disease has been too often so wide that most of them are not of much beyond clinical value' (Taylor 1931, p 339), although there had been a patient whose fits always began in his left thumb and who was found, after death, with 'a tubercle the size of a hazelnut in the hinder part of his third right frontal convolution' (Taylor 1931, p 68 ). Hitzig's and Ferrier's results, especially Ferrier's pioneering stimulations of the monkey's cortex, published in 1875, were therefore hailed as likely to 'help this investigation to an extent difficult to overestimate; for I most willingly admit that the method I uphold has made very little way. From their researches we shall learn where to look for the minute changes which constitute the discharging lesions.' (Taylor 1931, p 202) He was 'surprised that anyone hesitated to accept the conclusions of the recent experiments' (Taylor 1931, p 44) . By 1881 he could write unequivocally: ' The evidence from morbid anatomy, agreeing with that of the physiological experiments ... is that there is in these cases cortical disease, and that the part of the cortex affected is within the mid-regton of the brainof convolutions bordering the fissure of Rolando.' (Taylor 1931, p 331) In 1876, Ferrier transferred his monkey map to an outline of the human brain; in 1883, he thought the time had come when the excision of focal cerebral lesions should be advised (Phillips 1969) . His monkey ablation experiments had abundantly shown that the brain could be handled and incised without fatal consequences. And on 25 November 1884, Jackson and Ferrier saw Rickman Godlee remove a tumour from a patient's ascending parietal convolution (Trotter 1934) . In his Lumleian Lectures in 1890, Jackson could therefore reiterate the need for 'very precise study' of 'middle-level fits' on neurosurgical grounds (Taylor 1931, p 424) .
Middle-level fits were named Jacksonian by Charcot (Jefferson 1935) . But Charcot had unearthed an old thesis entitled 'Recherches sur les symptomes et le traitement de l'epilepsie hemiplegique' (L-F Bravais, Paris 1827). Jackson cannot have known of the existence of this thesis before reading Charcot's reference to it in 1877; he then promptly disclaimed priority: 'I find that the clinical facts of the varieties of epilepsy under remark were stated before I was born (Taylor 1931, p 148). Jefferson read the thesis and found that it contained nothing about cerebral localiza-tion. Nevertheless, Jackson thereafter generally referred (as he does in his lecture in 1897) to 'the kind of epilepsy described by Bravais, 1824' (sic) .
It is worth remarking that the fact of localization, which led to the dramatic emergence of neurosurgery, has the status of an empirical relation between focal symptoms and focal lesions, or between points stimulated and peripheries moved; and does not depend on any concepts of function Jackson or others may have held.
Localization and Concepts ofFunction:
Convulsion 'as an experiment made on the brain by disease' (Taylor 1931, p 37) We come now to Jackson's view of the nature of the localization of movements, as carefully stated by him soon after the publication of Ferrier's first experiments. In 1875 he wrote:
'My opinion is that the experiments of Hitzig and Ferrier show, as they themselves believe, that parts of the cerebral hemispheres are centres for movements Nevertheless, the experiments of disease are the only ones we can observe in the case of man' (Taylor 1931, p 39) . 'Of course a coarse lesion of a nervous centre, or a sudden discharge of one, is not a very neat experiment' (Taylor 1931, p 75).
Jackson was a dualist who believed that one could investigate neural events whatever beliefs one might hold conceming the relation between neural and mental events.
'For clinical purposes it matters nothing whether we believe (1) that conscious states are parallel with active states of nerve fibres and cells, the nature of the association being unknown, or (2) that mental states and nervous states are the very same thing, or (3) whether we believe that there is a soul acting through a mere mechanism. I wish to insist that to hold any one of these beliefs does not one whit justify us in omitting anatomy. Betwixt our morphology of the nervous system and our psychology there must be an anatomy and a physiology. Morphology has to do with cells and fibres or with masses of them. Anatomy has to do with sensori-motor processes.' (1875; Taylor 1931, p 52) He frowned on bastard expressions such as 'volitional impulses' as likely to foster confusion. Of nerve-centres he asked only: 'What peripheral parts of the organism do their nervous arrangements of cells and fibres represent?
What particular adjustments of the organism to the environment, or of parts of the organism to one another, do they represent? The answer to these questions will give the anatomy, which is the statics of the nervous system. Physiology is concerned with the dynamics of the nervous system, with the conditions and degrees of excitations or discharges of nervous arrangements. ' (1875; Taylor 1931, p 49) By sensorimotor processes he clearly intended what we should now call input-output relations.
He had taken from Laycock the notion that the brain is subject to the laws of reflex action (1874; Taylor 1931, p 167) . In 1869 he had defined 'the unit of constitution of the nervous system' as incorporating 'the skin impression, the sensory nerve, the centre, the motor nerve, the sensory nerves from moving muscles, and from tracts of the skin stretched or relaxed by the movement' (Taylor 1932, p 235). He could not avoid the word 'sensory', but was careful to limit its meaning:
'It is a most unfortunate thing that the word "sensation", the name of a state of consciousness, is of the same derivation as "sensory", the name given to afferent nerves and to centres to which afferent nerves go; it fosters the confusion that a physical state in a sensory centre is a sensation.' (Taylor 1931, p 140) In 1876 he fears that he will be unintelligible unless the reader bears in mind his assumption that all nervous centres 'are made up of nothing else than nervous arrangements representing impressions and movements. The fact that movements are not produced by slight galvanic or faradaic currents applied to the cortex beyond Hitzig and Ferrier's region, does not disprove this. I do not see of what other "materials" the rest of the brain can be made. The term "impression" includes all cases where a peripheral effect ... disturbs a nervous centre, and the term "movement" is used in an unusually extended sense, to cover not only effects produced by nerve centres on muscles (including arterial coats, muscular fibres of intestine, etc.), but on glands and effects by inhibitory nerves.' (1876; Taylor 1931, p 136) Jackson was greatly interested in the autonomic manifestations of epilepsy (see Taylor 1931, pp 47, 137, &c.) .
In the case of 'convulsions beginning unilaterally' ('middle level fits'), 'the discharge being of the grey matter of processes for movements, there is caused by it a development of movements in the related and connected external regions. ' (1873; Taylor 1931, p 66.) These may begin in any part, for instance the shoulder or thigh (Taylor 1931, p 262), but begin most commonly in the hand, face or foot. 'When the fit begins in the hand, the index-finger and thumb are usually the digits first seized; when in the face, the side of the cheek is first in spasm; when in the foot, almost invariably the great toe ... In each of these varieties there must be some difference in the situation of the grey matter exploded. In one part the movements of the hand have the leading representation ... I say leading representation because spasm of the hand, etc., is only the beginning of the seizure.' (Taylor 1931, p 68) He goes on to describe how it spreads up the arm, into the face, then down the leg ('The March of Spasm'; Taylor 1931, p 69); the spasm of the hand continues, becoming indeed more powerful, as the spasm -spreads .up the arm (compound order). (Taylor 1932, p 30) . He suggests that the sequence of involvement is related to the normal combination of movements in the natural use of the arm: 'For example, if a fit begins in the thumb and index-finger, there will probably be developed as the spasm spreads that series of. movements which in health serves subordinately when the thumb and index-finger are used.' (Taylor 1931, p 69.) His idea is that since the most voluntary, 'least automatic' movements of thumb and index 'could scarcely be developed for any useful purpose without fixation of the wrist (and of parts further and further in automaticity according to the force required), we should a priori be sure that the centre discharged, although it might represent movements in which the thumb had the leading part, must represent also certain other movements of the forearm, upper arm, etc., which serve subordinately.' (Taylor 1931, p 
Jackson regarded the thumb and index finger as 'the most voluntary or specialized parts of the body; they have the most varied uses' (Taylor 1931, p 261.) In his lecture he calls them 'the most intelligent parts of the body' (Taylor 1932, p 439) . 'The small muscles of the hand will be represented by much more grey matter in the highest centres than will be the large muscles of the upper arm, because they serve in more numerous different movements' (Taylor 1932, p 262).1 'Thus, then, the three fits [beginning in hand, face or foot] may be looked upon as experimental stimulations, each of some different part in the region of the corpus striatum, and as showing us (1) what movements have the leading representation in each part;
(2) the movements which are sequent and subordinate to those having the leading representation. It is freely granted that no definite results have as yet been obtained on the second point. Very few cases have been carefully observed, very few autopsies indeed have been obtained on cases which have been observed carefully ... It is for the very reason that so little has been done that I urge the careful investigation of these seizures.' (Taylor 1931, p 70) In hemiplegia, the destroying lesion interferes most severely with the leading movements, less severely with the subordinate ones. 'That parts suffer more as they serve in voluntary, and less as they serve in automatic operations, is, I believe, the law of destroying lesions of the cerebral nervous centres ' (1873; Taylor 1931, p 63) .
He expected that smaller destroying lesions might have negligible permanent paralytic effects, ' It is surprising that Jackson should say that the hand is a more 'voluntary' part than the 'articulatory organs altogether' (Taylor 1931, p 68; for speech and song, more than thumb and index, distinguish man from the apes 44 even though discharging, lesions of equivalent area might produce unilateral convulsions. He later illustrated this by his famous analogy of the Navy Board (1884; Taylor.1932, p 55) . The immediate paralytic effects of destruction would be partly, though not completely, compensated 'by neighbouring centres. I have never believed in what I call abrupt localisations. I do not believe that there is any part, or example, where the movements of the hand are solely represented; but that there are numerous parts where these movements have special or leading representations; there being in each, as the term "leading" implies, a representation of other parts serving subordinately with the leading movement . . . The temporary palsy in the experiments results not from the lack of the part extirpated, but from sudden loss ofit.
'Nevertheless, I will not deny, as I have formerly done, that permanent paralysis may result from widespread destruction of certain convolutions, and especially am I inclined to admit it after reading the physiological evidence adduced by Hitzig and Ferrier, and the clinical and pathological evidence of Charcot, Lepine, and Landouzy. ' (1876; Taylor 1931, p 145) The Rift Between Jackson's Views and Those ofFerrier and his Successors Ferrier's first paper (1873) contains his sole experimental evidence for preferred sites of origin for convulsions. 'Homologous convulsions', as Jackson called them (Taylor 1931, p 77), were induced in rabbit and cat 'by causing the current to traverse the hemisphere from end to end . . . In the rabbit the convulsions usually begin in the mouth and lips, and in the cat the eyelids and face first, next the shoulder and paw, and lastly the hind leg and tail were thrown successively into convulsions. Here we observe the mu6cles most in voluntary action are the first to be attacked. The centres for these . . . are more excitable and more easily discharged ... Hence a general irritation of thd whole hemisphere manifests itself primarily in the more excitable parts, and these coincide with the most voluntary centres. But, on the other hand, when the electrical current was made to traverse other centres with a greater degi ee of limitation ... the convulsions began in the muscles whose centres were there represented, and then spread to the more irritable anterior centres for the eyelids and face.' (Ferrier 1873) Jackson was interested 'to find that Ferrier's independent researches confirm the general principle .. . so far as experiments on lower animals can be supposed to be comparable with the experiments disease makes on man' (1873; Taylor 1931, p 91). He was curious to know what would be the results in the monkey, to which Ferrier had not yet extended his experiments, in view of the common human onset in index finger and thumb. He supposed, wrongly in the light of later knowledge, that 'the thumb in the monkey is less specialised than in man. If, then, we discover in a monkey the homologue of the part discharged in my patient, we shall expect from its discharge a fit ofless special kind; for example, not a fit beginning in its pollex, but more likely one beginning in the whole of its five comparatively little differentiated digits at once, if not in the whole arm . .. I await Dr Ferrier's further researches in comparative physiology of the convolutions.' (Taylor 1931, p 
As far as I can discover, he waited in vain. For Ferrier did not pursue this aspect further, but went on to build up a view of the excitable cortex, of the relations of its 'different divisions to one another and to parts of the body', which Jackson found incompatible with the results of his clinical work; which he called 'abrupt localization', and rejected in favour of 'minute localization' within overlapping areas (see Phillips 1966 ).
Ferrier's own interests are declared in his Croonian Lectures (1890) . Referring to Jackson's observations and deductions, he says: 'While amply confirming these doctrines in all essential particulars, my attention became specially directed to the question of definite localisation'. Reviewing his own pioneering experiments on monkeys, as well as those of Beevor, Horsley and Schiifer ('which, though in all essentials confirming mine, have been worked out with more elaborate detail and minuteness'), he wrote:
'So far as the excitation method is concerned, we are entitled to say that, whether the individual segments of a limb are separately localised, or are represented, more or less, throughout a common area, the areas as a whole ... are as completely differentiated from each other as the limbs themselves ... We have seen, however, in respect to the individual movements of a limb, that though one particular movement can frequently be isolated by minimal stimulation of a definite point within the general area, yet the same movement may occur along with others when another part of the area is under stimulation. This may be interpreted either on the supposition that the particular movement, say ofthe thumb, is represented throughout the whole of the arm area, or that it is only a case of diffusion of the stimulus from one part to another. It is difficult to decide which of these views is the correct one, and it may be that neither accurately represents the whole truth ... But in my opinion any further multiple representation outside the general area of a limb is altogether opposed to the facts of localisation as determined either by the methods of excitation, or destruction, or both.' (Ferrier 1890) In its contemporary context, Ferrier's 'question of definite localization' referred to a minute description of the relationships of the areas for arm, face, leg, trunk, and head-and-eyes to specific sulci and gyri, and to its importance for craniocerebral topography. The validity of this approach was eventually undermined by Leyton and Sherrington: ' We had supposed at commencement of our experiments that the identification of exactly corresponding points in the two hemispheres of an individual and in the hemispheres of different individuals could be much more nearly possible than our experience has left us with the impression that in fact it is. The dissimilarity of the convolutional pattern of the hemispheres even in individuals of the same species [chimpanzee, orangutan and gorilla] . . . and the seemingly variable relation of analogous functional points to sulci of corresponding name, makes it practically impossible to decide with sufficient exactitude what point on the hemisphere of one individual is identical with a given point upon another hemisphere.' (Denny-Brown 1939) In the 1880s there was no reliable way of measuring the spread of stimulating current within the cortex, so that the question of possible 'abrupt localization' of parts of the arm within the cortical arm area had to remain unsettled. But Jackson, from the first, had clearly wished to see all parts of the body included within any area of 'Hitzig and Ferrier's region'.
'Thus, to take'an arbitrary and limited illustration, supposing one centre . . . to represent specially the hand, another specially the face, another the foot, I should believe that each one of them represented all the movements of the chest. ' (1876; Taylor 1931, p 144) But I cannot find that he anywhere went into any detailed discussion or criticism of the experimental procedures or results. In later years he was to invoke C E Beevor and Horsley's experiments, 'without, of course, committing these able observers to any hypothesis of mine', as seeming 'to be in great disaccord with the current doctrine of localisation ' (1888; Taylor 1932 , p 385. See also 1890 Taylor 1931, p 444) . But in what respects he does not say. Was he, perhaps, thinking of their finding of primary movements of thumb over the upper two-thirds of the face area (of which Schafer (1900) wrote: 'there must have been some unrecognized source oferror in this observation') ? Or of their finding that 'the hallux is frequently represented all over the area for movements of the lower limb'? Jackson (1890; Taylor 1931, p 444) also quoted Sherrington's description of fibres descending from the arm area as far as the lumbosacral cord, mentioning, in fairness, that Sherrington suspected these to be visceral.
By 1900, 'abrupt localization' of the areas for arm, face, leg, trunk and head-and-eyes had become the textbook story and, ironically, the Jacksonian 'march' was explained in terms of horizontal spread from each area to the next: as 'apparently dependent in each case upon the relative propinquity of the several centres in the motor region of the cortex, and, when they are equally close, upon their relative excitability' (Schafer 1900) . No mention is made of Jackson's own interpretation, which imagined that the spread was due to intensification of activity within the area of cortex that was 'exploded' initially, without any need for horizontal spread of excitation beyond the limits of that area. In the case of spread from arm into face and then down the leg, the experimental evidence certainly lent no support to the hypothesis of increasing activity confined within an arm area containing also elements of face and leg. But in the case of the march within a single limb, e.g. from thumb and index to fingers, wrist, elbow and shoulder, there was nothing in the experiments of Ferrier, Horsley, Beevor and Schafer to rule it out, and, indeed, some evidence to encourage it. Writing of the 'intra-areal localizations' of Beevor and Horsley, Schafer (1900) stated:
'in some individuals even minimal stimulation of what has been termed the hallux centre produces movements, not only of the hallux but also of other toes, and even of the foot and leg; and stimulation of the middle of the ascending parietal [sic] may cause not only flexion of the fingers but also extension of the wrist. Such movements may succeed one another, or they may be simultaneous. It has been usual to speak of the movement which is most often or most readily obtained on excitation of a particular localised area, as the "primary" movement, and the others as "secondary".'
Here, it might have seemed, were the makings of an intra-areal 'march'; but the evidence was made equivocal by the possibility of intra-areal 'diffusion of the stimulus' (cf. Ferrier 1890).
Leyton and Sherrington's experiments found a much greater differentiation of responses within the arm, face and leg areas of chimpanzee, orang-utan and gorilla than Beevor and Horsley had found in their intra-areal studies in monkeys.
Here was a fresh profusion of Jackson's 'minute localization' (Phillips 1966) . Was it also abrupt? Leyton and Sherrington deliberately used brief (2-second) bursts of near-threshold faradism to evoke, at each point of contact with the cortex, a minimal primary response (which was not always confined to a single joint). The fields for distal parts were larger than those for proximal. Adjacent points were apt to give similar responses grading into one anotherthe 'successive overlap which is so characteristic a feature of cortical representation' (Woolsey et al. 1952) . But isolated extension of index was common. At first sight, the minimal responses of single joints certainly suggest a degree of abrupt intra-areal localization. Stronger and more prolonged faradism evoked characteristic sequences of primary, secondary and tertiary responses at the same or at additional joints -'not only a considerable "march" or sequence of responsive movement, but also, as is well known, an epileptiform convulsion' (Denny-Brown 1939) -but this, again, could have been due to horizontal intra-areal diffusion of stimulating current. Under minimal stimulation, the inter-areal frontiers (e.g. arm-face) were sharp. They were only transgressed when stimuli were applied in quick succession to a frontier-crossing row of points ('deviation of response'). Thus, when jumping along such a row from hand to face area, the lower border of hand area 'trespassed' into face area:
'The responses of hand given by the hand area points thus trespassing were always similar to the last hand responses obtained from the portion of the hand area above them; and they were accompanied by "angle of mouth" movement, either simultaneous with them or almost so.' By jumping in the opposite direction along the row, the face area was similarly made to trespass into the hand area.
'As to how far such deviations . . . are traceable to shuntings of route in the cortical structure itself, or how far they are referable to shuntings in subcortical paths and centres, that is a question towards whose solution our observations contribute little or nothing.' (Denny-Brown 1939) Such 'shuntings' could be due to complex combinations of physical diffusion of stimulus in the cortex and of physiological facilitation in cortex and in subcortical centres. The experiment does not allow us to reject either of the following propositions.
(1) There is abrupt localization, but when prior stimulation of one area has built up a state of facilitation in that area and in the subcortical centres related to it, the frontier can be transgressed by 'diffusion of the stimulus' from the adjacent area. (2) There is overlapping minute localization, for instance of arm and face elements; prior stimulation of the more numerous 'leading' arm elements in the arm area facilitates the subcortical arm centres, so that these now discharge in response to stimulation of the less numerous; 'subordinate' arm elements in the face area.
As years went by, generations of students were confirmed in the belief in a mosaic of discrete 'points' or small areas, and in the belief that the 'march' was 'explicable on the basis of the anatomical distribution of points in the motor area' (FUlton 1943) . During these years there was also some misconceived discussion of what now seems a false antithesis, whether movements or muscles are 'represented' in the cortex (Phillips 1966 , Evarts 1967 . Teachers and experimentalists who did not already know Jackson's writings therefore had reason to be grateful to Walshe (1943) for distilling, from his deep knowledge of and familiarity with them, a beautifully limpid statement of Jackson's beliefs and of his evidence for them, of his long-forgotten interpretation of the 'march' in the light of his hypothesis of the nature of the overlapping cortical localization of movements, and of his explanation of the common onset of focal seizures in thumb and index, angle of mouth and great toe, and of the compound order of spread. Walshe then made what must have been the first attempt at a synthesis of the Jacksonian and experimentalist positions. He made the experimentally-testable proposition that 'Jacksonian fits have their characteristic form of onset because the movements concerned are those that have the widest fields of low-threshold excitability' (Walshe 1943). ' Movements' Before going further it is necessary to be clear about what Jackson meant by 'movements'. He writes of 'processes representing movements' (Taylor 1931, p 38) and of 'processes for movements' (Taylor 1931, p 66) .
'To speak figuratively, the central nervous system knows nothing of muscles, it only knows movements ... there are, we shall say, thirty muscles of the hand; these are represented in the nervous centres in thousands of different combinationsthat is, as very many movements. ' (1889; Taylor 1932, p 400) Or, as Walshe (1943) puts it, 'performances and not performing parts'. In the jargon of today we might speak of hierarchical series of 'executive programs' (higher level) and 'sub-routines', (lower level) without being able to identify or to localize their neural 'hardware' or to trace the sequences of sensorimotor processes which emerge as patterns of excitatory and inhibitory synaptic actiop upon the output neurones of the middle level etz & Finocchio (1972) have shown that a mofkey can be trained to increase the firing of a flexor-related neurone in its motor cortex and at the same time to reduce the electromyographic (EMG) activity in one of the flexor muscles with which that neurone's firing is normally positively correlated.Whether we assume that the firing of other middle-level 'flexor' neurones is being actively inhibited in proportion to the reduction in EMG activity, or whether we assume that these other neurones are simply not being selected, we may be glimpsing something of the fantastic potentialities of the intracortical output-selecting machinery.
It seems inconceivable that sensorimotor processes of this degree of subtlety could fail to be disorganized beyond recognition by hypersynchronized convulsive activity. From our standpoint today, it is hard to agree that 'convulsion from excessive discharge of motor centres is to be looked on as the strong development of many movements at once, or rather, as a contention of many movements' (1882; Taylor 1932, p 29) . It seems more useful to imagine that all the 'move-ments' are temporarily disorganized, i.e. paralysed by the pathological process that discharges the output pathways and so convulses the periphery. We shall not then allow any expectation that convulsions will throw light on the nature of the 'processes for movements' to distract us from the lessons they can undoubtedly teach us about the anatomical organization of the output pathways.
To Jackson, the responses evoked by electrical stimulation seemed in a different category.
'The artificial movements I have seen Ferrier produce by locally applied faradaic currents to limited spots on the surface of the cerebral hemisphere of a monkey simulate the movements of health, whereas a convulsion is but a "clotted mass" of innumerable movements, produced by an excessive, sudden, and abrupt cerebral discharge.' (1875; Taylot 1931, p 39) Ferrier himself supposed that the responses he mapped had 'evidently a purposive or volitional character' (Ferrier 1876) , and Schiifer, too, was impressed: 'Undoubtedly the most striking character of many of the movements which are provoked by cerebral excitation is their coordinated and purposeful nature' (Schiifer 1900). But with Sherrington's work, it became clear that this character was due to the fact that the responses in question were already elaborately organized at the lowest level. ' Movements regularly and widely elicitable as local reflexes are liberally represented in the motor cortex ... The local reflex movements obtainable from the bulbo-spinal animal and the reactions elicitable from the motor cortex of the narcotized animal fall into line as similar series.' (Sherrington 1906) Beevor (1904) and Bates (1957) have taken a similar view. Thus, in monkeys with chronicallyisolated spinal cord, Sherrington could evoke flexion and adduction of thumb, retraction then protraction of shoulder, extension of wrist and flexion of elbow and fingers by stimulating the palm of the hand (Schafer 1900) or the dorsal branch of the ulnar nerve (Denny-Brown 1939). He described such a sequence of reflex responses as a 'march', 'the term which Hughlings Jackson's writings on epilepsy introduced and have rendered classical' (Denny-Brown 1939) . So the lowest level is capable of giving 'coordinated and purposeful' responses to abnormally-patterned inputs (hypersynchronized, and in abnormal groupings of fibres), whether descending from the brain or coming in from the periphery; there is therefore no evidence that cortical stimulation has evoked 'movements' at the middle level itself. If Jackson's contemporary critics had understood what he meant by movements, they could hardly have objected that 'there is no more significance in the statement that movements are represented in the cortex than there is in the statement that movements are represented in the skin' (Bates 1957) .
The responses produced by cortical stimulation in conscious ihan are involuntary, and cannot be prevented by the patient (Penfield 1937).
Is cortical stimulation able to throw any light at all on 'processes for movements' at the middle level? Leyton and Sherrington, who were concentrating on minimal ('primary') responses rather than on the elaboration of 'marches', were struck by their 'isolated and restricted character ... which makes so equivocal any purpose that an observer, who would interpret their purpose, can assign to them' (Denny-Brown 1939) . Such 'small local items of movement' would have to be combined with others 'to make up a useful whole'.
They thus conceived the cortex as a 'synthetic organ for motor acts', but also as an analytic organ, 'breaking up compounds already constructed by lower centres'. They saw, in the instability of the responses obtained by closely-spaced and closely-timed stimuli (facilitations, deviations, reversals), abundant evidence of the wealth of linkage between 'points' that would be needed for the proposed analytic and synthetic activities, some of these linkages at middle level and some at lowest level. In all this, inhibition was as important as excitation. Hering and Sherrington's paper on reciprocal inhibition from the monkey's cortex was read in London on 18 November 1897, and quoted by Jackson in his lectore on 8 December.
Of the sub-routines of movement, the lowest would be those which must link up the muscles in the varying but relatively stereotyped combinations that have been familiar to clinicians since their first identification by Duchenne (1867) and Beevor (1904) . Duchenne pointed out that a simple antagonistic relationship occurs only between muscles which act at a single hinge joint. He thought that the action of the prime movers (associations musculaires impulsives) was moderated by that of the antagonists (associations musculaires moderatrices). Sherrington's work has led, perhaps, to an overdogmatic insistence on total inhibition of antagonists, for he himself found that inhibition was graded, and Long & Brown (1964) found EMG activity in the long extensors, as well as in the flexors, during voluntary flexion of the human fingers. But in the case of muscles acting across several joints, or at joints with more degrees of mobility, the 'associations' become more complex. Duchenne added a third category, 'associations musculaires collaterales', to provide for the steering of such movements. The synergic action of the wrist dorsiflexors during finger flexion; the varying combinations of lumbricales, interossei, flexor digitorum sublimis and profundus, and extensor digitorum communis in movements of the different phalanges; the varying relationships between biceps and triceps in flexion of elbow, supination of forearm and adduction at shoulder, are all classically described by Beevor (1904) . In hemiplegia, muscles can still contribute to some movements but not to others: extensors of wrist still function as fixators during a voluntary grasp, although voluntary dorsiflexion of wrist is impossible; triceps contracts as a fixator during a strong grasp, although voluntary extension of elbow is impossible (Beevor 1904) .
We have, as yet, no information of the nature of these linkages or whether they are located at the middle or lowest level or at both. It is tempting to suspect the existence of 'command interneurones', such as have been demonstrated in invertebrates (cf. Kennedy, quoted by Evarts et al. 1971) . One would expect these elemental 'movements' to be the first to be described in neurophysiological terms.
Summing up, we should look for the explanation of the modes of onset and of the 'march' of convulsions, not in terms of 'the sum of the contentions of different movements' (Taylor 1932, p 31), but in terms of the anatomical organization of the output from the middle level, as an aspect of the 'Relations of different divisions of the central nervous system to one another and to parts of the body'. Or, as Walshe (1953) suggested of electrical stimulation, 'this abnormal mode of activating the cortex has given a glimpse of a structural pattern related to the projection pathways efferent from the cortex, but not any glimpse of the functional patterns of pure cortical activity. Structural patterns are fixed, but functional patterns are not, and the two must not be confused.' 'Levels' In his Lecture Jackson said that for the kinds of work indicated 'some scheme of the whole nervous system is necessary. A morphological seriation, such as cord, medulla, pons, cerebellum and cerebral hemispheres will not serve us. We must have a scheme according to degrees of directness and complexity with which nervous centres, or as I shall say, Levels, represent impressions and movements of parts of the body; this is an anatomical, not merely a morphological scheme . . . it is to be understood that the unit of constitution of the whole nervous system is sensori-motor, and also that the so-called motor provinces, of the middle and highest levels at least, are supposed to be only chiefly motor and their sensory provinces only chiefly sensory ... I am now unable to say with confidence what parts of the cerebral hemispheres are the sensory provinces of the middle and highest levels.' (Taylor 1932, p 424) In 1897 the available neuroanatomical methods could trace only the coarsest axons, and the most compact tracts, from one part of the nervous system to another. But Jackson had already fastened on the importance of the cerebellum in relation to the middle level, on the status it occupies in our thinking today. He adopted Gowers' hypothesis that 'the cerebellum exerts a restraining influence on motor centres of the cortex cerebri and that the cerebellum coordinates movements by intermediation of these centres' (Taylor 1932, p 425) . But he also quoted Lowenthal and Horsley's very recent discovery that cerebellar stimulation relaxes the triceps and contracts the biceps of the decerebrate dog, and imagined that 'the cerebellum in coordinating movements acts in two ways on the cord, directly and round by the cortex cerebri' (Taylor 1932, p 426).
The 'scheme' desired by Jackson is now being filled out in ever finer detail by modern silver staining (Nauta and its modifications), which can trace very fine degenerating axons, and by electron microscopy of degenerating synapses, following the establishment of small accurately-placed lesions; and also by what I shall call 'electroanatomy'. This term is a fair description of the work of most central neurophysiologists. It consists of the artificial excitation of small areas, the electrophysiological mapping of the circumscribed area of the remote electrical response, and the accurate timing of the response. Electroanatomy may sometimes detect connexions which have escaped the scrutiny of the microscopist. But its chief value lies in its ability to specify whether the connexions are preponderantly excitatory or inhibitory in their actions on the target neurones, and to measure the quantities of these actions. Much of this work has been done on the cat, but is now being increasingly extended to primates.
Modem microscopical anatomy and electroanatomy both highlight the position of the middle level, 'the Rolandic region of the cortex cerebri' (Taylor 1932, p 424), as the target of two major neural networks, and as the common path leading from them, directly or interruptedly, to the lowest level. To oversimplify: one network originates from most of the cortex (least from the visual cortex) and returns to the rolandic cortex via the striopallidum and thalamus (Kemp & Powell 1971) . The other network also has a very wide cortical origin, and returns to the rolandic cortex via the pontine nuclei, inferior olive, cerebellum, red nucleus and thalamus (Eccles et al. 1967 ).
It may not now seem useful to try to localize Jackson's highest level in any one part of these complex networks (e.g. the 'centrencephalic' parts, Penfield 1954), and better to retain it, for the time being, as a purely functional concept. His own localization of it in the 'pre-frontal lobe (region in front of the pre-central sulcus)' was, he admitted, 'very hypothetical' (Taylor 1932, pp 424-5). Microelectrode recordings made from nucleus ventrolateralis of thalamus, from cerebel-lar cortex and nuclei, and from globus pallidus, as well as from the precentral gyrus, in monkeys carrying out movements for reward, have detected neuronal firing preceding the movements at all of these loci.
Outputsfrom the middle level: We owe to Kuypers (1964) and his colleagues our most detailed knowledge of the outputs from the middle level in primates. There are cortical projections to the brainstem in all mammals; but only in carnivores and, to a very much greaier extent, in primates (which use their hands, instead of their muzzles, for tactile exploration, prehension and manipulation) do we find the well-known prolongation of cortical axons along the whole length of the spinal cord, making their heaviest contribution to the cervical enlargement. The perirolandic fields of origin of all these axons overlap considerably. Neurones located mainly postcentrally project to the principal sensory trigeminal nuclei bilaterally, as well as to the contralateral dorsal column nuclei, spinal trigeminal complex and nucleus proprius of the dorsal horn. All these are in a position to control the inputs from skin, muscle and joint to tlW lowest and middle levels and to the cerebellum. Neurones in a position to control the output of the lowest level are located mainly precentrally. The most forward-spreading of these populations projects bilaterally to the medial bulbar reticular formation which in tufn projects bilaterally to the medial cell-groups of the ventral horn: these control the trunk and proximal joints of the limbs. An overlapping, but more caudal population projects to the red nucleus (Kuypers & Lawrence 1967) , intermingled with corticospinal neurones which project to interneurones of the lateral reticular formation and, together with the cortically-activated rubrospinal axons, to the spinal intermediate zone. These interneurones are presumably those common to Sherrington's 'similar series' of bulbospinal reflexes and cortically-evoked responses, controlling mainly the distal segments of the contralateral limbs. The caudalmost precentral population, which lies mainly in the anterior wall of the rolandic fissure and partly overlaps the other populations, gives rise to the thickest axons in the pyramidal tract. These axons are distributed to the trigeminal motor nuclei bilaterally, as well as to the contralateral facial nucleus and to the laterally-grouped ventral horn cells which control the contralateral hand and foot. This monosynaptic corticomotoneuronal pathway is peculiar to primates. The electrical mapping of Woolsey et al. (1952) well shows the forward-lying fields for trunk and proximal joints and the caudalmost precentral fields for the digits. Denny-Brown and Evans (Denny-Brown 1966) discovered the existence of stable lines (? cortico-cortical axons) along which facilitation, spreading forward from the fields for contralateral digits, could mobilize bilateral postural activity of proximal joints and trunk.
Here is a possible electroanatomical basis for 'that series of movements which in health serves subordinately when the thumb and index-finger are used' (Taylor 1931, p 69).
In the rest of this lecture I shall concentrate on the relations of the middle level with the forearm and hand. Classical (faradaic) electroanatomical mapping had already given indications of Walshe's 'wide fields of low-threshold excitability', but the preferential accessibility of thumb and index is most clearly revealed by stimuli which evoke brief, high-frequency bursts of impulses from the corticofugal neurones. The responses to stimuli of this type are abolished by cutting the medullary pyramid (Felix & Wiesendanger 1971) , and depend on the monosynaptic corticomotoneuronal projection. Electroanatomy has confirmed the existence of this projection and has also shown that it commands its largest quantities of monosynaptic excitation in the motoneurones governing the distal muscle-groups (see Phillips 1969) . Here, therefore, is the explanation of the preferential accessibility of this periphery to cortical stimulation, and of the strong tendency of Jacksonian convulsions to begin in it. The 'subordinate parts' do not respond to electrical stimulation unless this is sufficiently prolonged to give time for temporal summation at subcortical and spinal interneuronal levels; and since their responses are not abolished by pyramidotomy, they must depend, in part at least, on the corticorubrospinal and corticoreticulospinal projections. Their delayed and progressive involvement in a Jacksonian convulsion is presumably to be explained by temporal summation at rubral, reticular and spinal interneuronal levels. The lower the frequency and intensity of corticofugal discharge, the less the temporal summation: this would explain Walshe's observation (1943) that a fit confined throughout to the parts first moved is 'a relatively leisurely clonus of moderate intensity ... it has neither the rapidity of rhythm nor the intensity of convulsion that occurs in these muscles when the convulsion spreads up the limb'.
The corticospinal projection includes a disynaptic inhibitory pathway to the motoneurones. This has its greatest action on the motoneurones of proximal muscles (Preston et al. 1967 ). There are also polysynaptic excitation and inhibition via spinal interneurones, and excitatory and inhibitory connexions to fusimotor neurones (Koeze et al. 1968 , Clough et al. 1971 . The excitatory fusimotor connexions would sustain the flow of signals from the contracting muscles to the lowest and middle levels and to the cerebellum.
The fineness of grain of localization, and the degree of overlap ('abrupt' or 'minute' localization) will be difficult to determine in the case of the polysynaptic pathways. But these properties are being established electroanatomically for the special case of the corticomotoneuronal projection. Corticomotoneuronal colonies of cells projecting monosynaptically to single spinal motoneurones have been mapped by very weak pulses of current applied to the baboon's arm area (see Phillips 1966) . 'Diffusion of the stimulus' was measured by calibrating the strengths of current needed to excite corticospinal neurones located at different distances from a stimulated 'point'. The discharge of the colonies was measured by intracellular recording of synaptic potentials from their target motoneurones. These colonies differ in their spatial extents in the cortex and in their synaptic efficacy at the lowest level. Those projecting to distal motoneurones are narrower, and command larger quantities of excitation, than those projecting to motoneurones of proximal joints. The minimum area of cortex that could have been occupied by the largest 'distal' colony measured 8.0 x 2.5 mm. The colonies overlap freely within the arm area. have applied Asanuma's method of brief, high-frequency intracortical microstimulation (ICMS) to a primate cortex (cebus). This method excites directly only those neurones in the immediate neighbourhood of the tip of the microelectrode, though there may be synaptic excitation of more distant cells, for instance by U-fibres and recurrent collaterals; it may be assumed that the brief burst of impulses excites the spinal motoneurones monosynaptically. Preferential accessibility is very striking, for the majority of responses have been evoked from thumb and fingers, fewer from wrist, fewer from elbow and none (so far) from other peripheries. Thresholds were lowest in the deeper cortical layers. Although the boundaries of each 'efferent zone' are described as sharp, zones with opposite actions at the same joint are described as overlapping. The use of the word 'mosaic' to describe these results seems therefore unfortunate and misleading. The experiments with weak pulses applied to the surface (cf. Phillips 1966) have shown that corticomotoneuronal colonies differ in density and in spatial extent, and ICMS in principle is capable of detecting only the densest colonies, or the dense cores of more diffuse colonies. I believe that the final mapping will require a combination of surface pulses and ICMS in the investigation of every colony. Further evidence for overlap is to be found in iEvarts' recordings (1967) of the firing of antidromicallyidentified pyramidal tract neurones (PTN) in the arm area of monkeys rewarded for performing movements. All PTN encountered in a single microelectrode track tended to fire in relation to movement at a particular joint. When a pair of PTN were recorded from the same electrode position, these cells must have been very close together in the cortex. Such pairs generally exhibited highly variable mutual firing relationships. But relatively invariant behaviour would have been expected if both PTN had projected to motoneurones of the same muscle. Adjacent PTN were therefore more probably members of colonies projecting to motoneurones of different muscles. It is unlikely that all such pairs, encountered in random penetrations of the arm area, should all have happened to lie on the exact frontiers between abruptly localized colonies.
An example of 'evolution and dissolution' (see Phillips 1971) : Primatologists believe that an increasingly versatile use of the hand has played a central role in the evolution of the primates. This can be fairly confidently correlated with an increase in the bulk of the corticomotoneuronal projections. Prosimians use their hands in a stereotyped prehensive pattern, the fingers all extending together as the hand approaches its target and closing together over it; there is no independent use of individual fingers. An example is the slow loris (nycticebus), most of whose corticospinal axons end at the base of the dorsal horn and in the zona intermedia of the cervical and lumbar enlargements, only a few axons ending near the bodies of the most dorsolateral motoneurone groups. In the old world monkeys, apes, and man, the 'precision grip', as Napier called it, of the opposable thumb and index is well differentiated from the 'power grip' of the hand as a whole. There has been a corresponding increase in the corticomotoneuronal projection, whose endings are now profuse in relation to the laterallyplaced motoneurone groups innervating the distal muscles of hand and foot.
A normal monkey winkles food out of small holes in a food-board by the independent use of its extended index finger. It then picks up the morsel with thumb and index. This performance remains permanently impossible after bilateral pyramidal section, provided no axons are spared. Yet the prehensile use of hands and feet in climbing and jumping appears normal from the first day.
After the first few weeks the monkey recovers the ability to bring its hand quickly and accurately to a food target, but the precision patterns of thumb and index are lost: the fingers open and close together, and there is difficulty in relaxing the grasp on the object that has been picked up. The performance resembles that of the infant monkey, in which the corticomotoneuronal endings have not yet developed. Infant monkeys whose pyramids are sectioned soon after birth fail to develop precision patterns and grips (Kuypers, Lawrence, Hopkins: see Phillips 1971 ).
In the immediate palsy following the 'dissolution', Jackson would have seen the effect of sudden loss of the injured part (Taylor 1931, p 145), and could now have interpreted the ensuing 'compensation' as a gradual reorganization or, better, re-education involving the surviving projections (corticorubrospinal, &c.) from the middle level. The permanent disability in respect of thumb and index might have satisfied him that the wealthy, recently evolved corticospinal connexions are not expendable. The reactions of the hand to contact are also permanently impaired; to this I shall return later.
Localization at the lowest level: It is impossible to think about the possible significance of localization at the middle level without looking at the structure of the lowest level to which it projects, which Jackson in his lecture defined as 'an homologous series of sensory and motor centres lying in cord, medulla, pons and aqueduct, with the fibres inter-connecting them. These centres represent the body in detail, motorily, from ocular muscles ... to muscles of the perineurn.' (Taylor 1932, p 424) The structure of this 'homologous series' has direct functional significance only at the most primitive stages of vertebrate evolution. In the developing larval amblystoma, the series of somites (myotomes) must contract in sequence to bend the notochord, first in the 'coil reaction' stage, when there is a longitudinal chain of motoneurones along each side of the neural tube and, later in the sinusoidal oscillations of swimming, which begin as soon as neural interconnexions (? reciprocal-inhibitory) are first established across the midline (Coghill 1929) . But the gulf between the segments and myotomes of the still limbless amblystoma and their vestiges in the primate forelimb is extremely wide. In his Lecture, 'Relation between Structure and Function as examined in the Arm', Sherrington (1899) drew conclusions from his many experiments in which stimulation and degeneration of the ventral roots had been meticulously combined. The functional elements of the limb are the muscles which work the joints. Each muscle contains vestiges of several myotomes, and the motoneurones of each muscle 'are scattered in a continuous series through the length of a series of spinal segments; and throughout this extent are commingled with the cells of a great numberin some cases as many as forty and moreof other muscles'. A survey of the whole distribution of the vestiges of each myotome showed that the boundaries between myotomes 'do not correspond with the intervals of muscles, or even between muscle groups'. The assembly of motor axons in a single ventral root, and of the motoneurones in the corresponding spinal segment, has no functional significance. The 'distribution of the motor roots is arranged on a segmental plan in accordance with the terms of a bequest dating back to a time when the present environment of the limb, especially in its Mammalian form, had no preponderant weight in the shaping thereof'. As Romanes (1964) has demonstrated, the dendrites of the motoneurones spread widely and intertwine freely.
Some earlier workers had convinced themselves, on less rigorous evidence, that the motor root is a functional entity. 'The idea at root of the supposition, that the motor root is a functional collection of nerve fibres, seems to be that juxtaposition in space is advantageous for coordination of action' (Sherrington 1899 ). Sherrington has here put his finger on the basic question about the function of localization, whether at the lowest level, or at the middle level, whose somatotopic arrangement need hardly be 'better' than that of the lowest level to which it projects. Very close juxtaposition would be advantageous only if coordination required dendro-dendritic synapses or local hormonal or physical interactions between the neurones. But axonal linkages, whether formed by the ramifying axons of local interneurones or by the terminal ramifications of axons of remoter provenance, should be able to engage stereotyped or more labile combinations of output from scattered, intermingled populations of cells.
'Sensory provinces of the middle level' (Taylor 1932, p 424): Much current electroanatomical research is concerned with the inputs from skin and muscle to the output neurones of the 'motor' cortex, and is filling in the details of this special case of Jackson's prophetic 'unit of constitution of the nervous system': 'the skin impression, the sensory nerve, the centre, the motor nerve, the sensory nerves from moving muscles, and from tracts of the skin stretched or relaxed by the movement'. This definition excludes the visual input. There is a projection from the visual cortex to area 8a in the frontal tobe (Jones & Powell 1970) .
There is, as yet, very little electroanatomical information about visuomotor connexions, but I shall be citing some very recent behavioural evidence of their existence and importance.
Rosen have investigated the inputs to single neurones of motor efferent zones in cebus monkeys, though these neurones have not been identified antidromically as projecting to the spinal cord or elsewhere. About half these neurones, most of them in the outer layers of the cortex, respond to light tactile stimuli applied to highly circumscribed areas of the glabrous skin of the thumb or of one or more digits, or to passive movement of the digits. The direction of the motor response evoked by ICMS applied within the same radially-orientated 'efferent zone' is generally towards the cutaneous receptive field.
These clear experiments add considerably to the accumulating evidence that the input-output organization of the cortex is radial, but one may question whether it is useful at this stage to go further and describe it as columnar. We have seen that 'efferent zones' for antagonistic movements overlap one another; that ICMS can only activate dense output colonies or the dense cores of diffuse output colonies; that about half the colonies (if cebus and baboon may be compared) are diffuse, and that all are overlapping. The apical dendrites of the colonies are of course radially orientated, but so far nothing in the 'output' structure of the colonies seems to require that they be described as built up of subcomponents to which the name 'column' would be appropriate. Conventionally, such subcomponents would be defined and differentiated in terms of specific modality of input and of identity of peripheral receptive field (Mountcastle). But in the arm area of the baboon, Wiesendanger (1973) has been impressed by the remarkable degree of convergence of cutaneous and of multiple muscle inputs on to single, antidromically identified corticospinal neurones. The accepted definition of 'column' will need to be considerably widened if it is to take in a radially orientated input-output organization whose output cells receive converging inputs from skin, several muscles and possibly also from joints. Such extensive convergence is not found in the cells of the immediately adjacent postcentral cortex, area 3a at the bottom of the rolandic fissure ).
The input from the primary endings of the muscle spindles (which signal muscle length and velocity) reaches area 3a over a fast pathway characterized by tight synaptic coupling ). It has not so far been possible to detect any action of this input on the firing of corticospinal cells in the adjacent 'motor' cbrtex (area 4). If the muscle afferent volley is enlarged, by stronger stimulation, to include the input from the secondary endings (which signal muscle length), there is then firing of precentral corticospinal cells, at least 7 ms (average 16 ms) later than the firing of the noncorticospinal cells of area 3a (Wiesendanger 1973) . At present the intracortical fate of the input from the spindle primaries is under investigation. The possible functional significance of the converging inputs to the corticospinal neurones from the spindle secondaries and from the skin will be considered below.
There is disagreement about the possible routes which bring these inputs to the corticospinal neurones. From studies of evoked potential waves have concluded that there is a direct (i.e. not corticocortical) route, but note that its thalamic course is unknown. The inputs to the postcentral somatosensory cortex (SI) arrive over a well-known thalamocortical route, and provide a useful standard with which to compare the timing of inputs to the precentral 'motor' cortex. Wiesendanger (1973) , who recorded from single corticospinal neurones, found that the shortest precentral latencies were more than twice as long as those measured in postcentral neurones. If, therefore, the precentral latency for cutaneous inputs is always longer than the postcentral, the question arises whether the precentral input is derived by corticocortical transmission from the postcentral gyrus. The reciprocal interconnexions between area 4 and areas 3, 1 and 2 (SI) (Jones & Powell 1970) must surely be significant here. It is to be expected that these uncertainties will be resolved during the next few years.
The mean latency of the inputs that are believed t to come to the corticospinal cells from spindle secondaries is about 16 ms longer than the mean latency of the input from the spindle primaries to area 3a. Wiesendanger (1973) raised the possibility that the input to the corticospinal cells is delayed by being routed through the cerebellum. Any interconnexions between areas 3a and 4 are still unclear.
SENSORIMOTOR PROCESSES AT THE MIDDLE LEVEL
The input from muscle nerves to corticospinal cells of the hand area, which is most probably derived from the length-measuring secondary endings, raises the possibility of 'servo-assistance' (Matthews 1972) at this output level, if increased feedback from the muscles signals that the execution of a central 'program' is being impeded by an external load. The idea of servo-assistance is already familiar at the lowest level, where the primary endings of the muscle spindles supply monosynaptic excitation to the motoneurones. A motor command that is distributed both to motoneurones and to fusimotor neurones ('alpha-gamma linkage', Granit 1970) can keep the muscle spindles firing throughout a contraction which would otherwise silence them by mechanical unloading. The reality of this firing during voluntary flexion of the human index finger has been demonstrated by Vallbo (1970) . If the movement is impeded, the unloading effect is reduced and the continuing fusimotor drive therefore results in an increase in spindle firing.
In the case of the baboon's hand, electroanatomical studies revealed that the feedback from the muscle primaries is not focused exclusively on the motoneurones of the muscles containing the spindles, and its synaptic excitatory power is measurably less than that, for example, exerted by triceps sur2e spindles on triceps surae motoneurones in the cat. These observations, together with the rather powerful monosynaptic action projected to the motoneurones of hand and forearm by their colonies of corticospinal cells, led to the tentative suggestion that there might be a transcortical servo loop (Phillips 1969) . This was soon falsified for the primary endings ), but remains possible for the secondary endings, in view of Wiesendanger's (1973 ) electroanatomical work. Fortunately, Marsden et al. (1972 , working on man, and Evarts (1973) , working on monkeys, have now rescued the subject from the realm of unprofitable speculation. Marsden et al. found that if voluntary flexion of the terminal phalanx of the thumb was suddenly halted or reversed by a motor, a sudden increase in the EMG of flexor longus pollicis occurred 50 ms after the interference. This is too long for the lowest level servo loop, and much too short for a reaction time. The response fails if the thumb is locally anesthetized. Marsden et al. find reasons for thinking that the necessary input from the skin acts by controlling the gain of the servo loop and also by focusing the spindle excitation on to the appropriate output cells. If all this is happening at the cortical level, Wiesendanger's demonstration of convergence of skin and muscle inputs on to corticospinal cells becomes extremely important. Marsden et al. point out that their loop time agrees well with that measured in reflexly-evoked jerks in cases of myoclonic epilepsy, in which the precentral cortical mediation of the jerks is reasonably well established. In one such case, muscle stretch was the only adequate mechanical stimulus. If we all have transcortical loops, why do we not all suffer from myoclonic jerks? The main lesions in this case were those of cerebellar degeneration, and Gowers and Jackson might have speculated that the cerebellum normally has a say in the opening and closing of the transcortical loop.
Evarts' monkeys held a handle in position within a correct zone indicated by a lamp (Evarts 1973) . The handle was suddenly and unexpectedly displaced and the monkey was rewarded for returning it as quickly as possible to the correct zone. The performance had to be learned; at the beginning of training the animals were startled and merely let go the handle. Electromyography of the pulled muscles showed a first burst at 12 ms, which would be right for the lowest level loop. A second burst at 30-40 ms fits the times of the components of the transcortical loop; pyramidal tract cells were discharged at a minimum latency of 24 ms (postcentral cells 10 ms, precentral non-PT cells 14 ms); time from cortex to muscle adds about 7 ms. Presumably the monkey has to learn to disinhibit the relevant transcortical loops. Does it do this by using the cerebellum as its internal effector? Evarts compares his experiments with Hammond's human experiments in which a subject maintaining steady elbow flexion was instructed either to 'resist' or to 'let go' when the biceps was suddenly pulled. Whichever instruction was given, the muscle gave an EMG burst at 18 ms (lowest level loop). The prior instruction 'resist' resulted in a second burst at 50 ms; the prior instruction 'let go' usually prevented the second response. The transcortical loop can probably be set 'open' by the subject when he receives the prior instruction 'let go', and set 'closed' when he receives the prior instruction 'resist'. Then, when the pull comes, the loop will function reflexly, faster than any reaction time.
In all these experiments the middle level loop is revealed in brisk, quasimyoclonic performances: it remains to be shown whether in normal movements it can provide smooth servo-assistance.
If, as Marsden et al. have proposed, the input from the skin of the thumb is an important controller of transmission through the transcortical servo loop, this is certainly not its only function. The inputs from localized areas of the skin of the hand which were picked up by in their cortical efferent zones should be important, as they themselves point out, in relation to Denny-Brown's (1966) studies of the exploratory movements that can be evoked by touching the hand. Selective cutaneous deafferentation of the 'motor' cortex is impossible, but it is remarkable that section of the pyramidal tract produces just the effect that such deafferentation might be expected to produce: loss of reactions to contact. We may be dealing with a sensorimotor process which could be interfered with on its outgoing or ingoing sides with equivalent effects on function. On this subject Wall (1970) has speculated interestingly. Denny-Brown (1966) sums up his results by saying that the pyramidal tract is concerned 'with those spatial adjustments that accurately adapt the movement to the spatial attributes of the stimulus. Thus grasping is adapted to the shape of the thing to be grasped, whether a particle of food, a pin, or a surface.' For adapting the hand to the shape of an unfamiliar thing to be grasped, before actual contact has been made, only vision will do. Eye-hand coordination has evidently played an important part in the evolution of primates (see Phillips 1971) . Brinkman & Kuypers (1972) -studied the problem in monkeys in which all the forebrain commissures and the optic chiasma had been sectioned. They blindfolded one eye: suppose the right. Then the only visual input was to the left hemisphere (and only from the right half-field). They then presented the monkey with a special recessed food-board on which the food was visible but not palpable. The monkey could bring its left hand straight to the foodtarget. Its ability to do this is explained by the existence of bilateral corticospinal projections from the 'seeing' left hemisphere, which connexions are in part established by way of the brain stem reticular formation and preferentially control movements of the trunk and the proximal joints of both arms. If the right arm is free and the left is restrained, the right hand goes straight to the target and the thumb and the index pick out the food. These digits are controlled by contralateral projections from the 'seeing' left hemisphere. If the right arm is restrained, the left arm (directed by the left hemisphere) goes straight to the food; but the left fingers, which are directed by the 'blind' right hemisphere, now explore dextrously over and around the food in a tactile search which may or may not happen to dislodge the food. The left arm, as it were, can 'see' but its fingers are 'blind'. If the right arm is released its index and thumb pick out the food immediately.
I was very grateful to Professor Kuypers and Dr Haaxma of the Erasmus University, Rotterdam, for allowing me to refer to their recent unpublished experiments and for sending me a film of two monkeys to illustrate them. In one monkey all visual cortex had been removed from the left hemisphere, and the corpus callosum, massa intermedia, anterior and posterior commissures and the lamina quadrigemina had been transected, leaving the optic chiasma intact. In the other, a deep incision in the left hemisphere had disconnected the visual from the rolandic cortex. This incision was combined with transection of the corpus callosum and the anterior commissure. For these experiments the food board incorporated a new kind of target. The food was at the centre of the target, flush with the surface of the board, and surrounded by radiating grooves wide enough to admit a monkey's finger. The food was encircled by a thin wall which separated it from all the grooves save one diametrically opposed pair; this pair, and the wall enclosing the food, were brightly outlined in white, contrasting with the dark board. The white outline thus resembled in shape a double keyhole, with the food in the hole. A finger in any other groove could not pick out the food because it was protected by the thin wall. This whole target could be rotated to set the white outline at any desired orientation.
In its normal performance, the monkey approaches this target with the plane of its thumb and index correctly orientated with respect to the white outline, whatever its orientation. Thumb and index thus enter the correct grooves without need for tactile exploration, and pick out the food.
The hand contralateral to the injured hemisphere cannot do this. It is brought directly to the target, but the 'blind' fingers generally enter the wrong grooves and the tactile exploration may or may not happen to dislodge the food. If the food projects slightly above the plane of the board's surface it is seized at once. The normal visually steered performance is possible in a split-brain monkey with contralateral ablation of postcentral gyrus. Control experiments on the visual discriminative abilities of the 'leucotomized' hemisphere are still in progress. These elegant experiments beautifully reveal the steering of the hand and fingers by a visuomotor sensorimotor process at the middle level. CONCLIJSION A century ago, the establishment of the fact of cerebral localization by Hughlings Jackson, Fritsch and Hitzig, and Ferrier made it necessary to reject the theory of equipotential function of all parts of the forebrain. The discovery had no essential dependence on any theory of localization.
Hughlings Jackson's theory was that cerebral function is organized in hierarchical levels. Every part of the brain 'represents' impressions and movements, linked in sensorimotor processes. Localized areas are differentiated from one another by different preponderances of representation, some peripheries having leading, others subordinate representation in any area. The higher the level, the less directly are the sensorimotor processes coupled (via lower levels) to their appropriate peripheries; the looser, also, are their mutual associations. Himself a dualist, Jackson believed that subliminal activations of the physiological sensorimotor processes constituted the neural basis of mental processes; as a physician, however, he regarded the sensorimotor processes and their localization as mandatory subjects for investigation, whatever the philosophical standpoint of the investigator.
At the middle level, where the connexions with the periphery through the lowest level are fairly direct, he regarded destroying lesions (as in hemiplegia) as manifesting themselves by loss of movements; most severely of the leading parts, less severely, in proportion to the degree of subordination, of subordinate parts. Discharging lesions manifested themselves by a 'march' of 'clotted movements', those of the leading parts predominating, in priority and intensity, over those of the subordinate parts. Believing that movements of all parts are represented in every part of the rolandic cortex, Jackson rejected what he called 'abrupt localization', but was greatly interested in the details of 'minute' overlapping localization. On the other hand, Ferrier and his successors concluded from their experiments that there are five abruptly separated motor areas (arm, face, leg, trunk, head-and-eyes) . Within each, they could not decide whether those minimal responses which involved more than one part of a limb were due to overlapping localization or to horizontal spread of stimulating current. Stronger stimuli could transgress interareal frontiers; but in the absence of any reliable measure of stimulus spread, there was no way of deciding whether these stimuli had excited 'subordinate representations' within the area stimulated, as Jackson's theory would have expected, or had merely spread physically to excite an adjacent area.
It is now possible to measure the spread of stimulus, to map the areas occupied by colonies of cortical neurones projecting to single lowest level motoneurones, and to stimulate limited parts of these colonies with a microelectrode. These experiments have shown that colonies projecting to motoneurones of arm, forearm and hand are overlapping. Critical experiments to test whether there is any overlap between arm, leg and face areas have not yet been done.
The explanation of the leading and subordinate representations turns out to depend on an anatomical feature, the differential accessibility of the lowest level motoneurones to the middle level: the densest monosynaptic projections go to those governing distal joints, the less dense monosynaptic and polysynaptic projections to those governing proximal joints. No explanation in terms of 'movements' (i.e. sensorimotor processes which we might now call programs) need therefore be invoked to account for the common distal sites of origin of Jacksonian convulsions.
We can already investigate the simplest, best localized sensorimotor processes at the middle level. These are inputs from skin and muscle which are brought fairly directly to the output cells and are probably related, respectively, to tactile exploration and to the servo-assistance of movement. The input from the visual system, which is less directly connected to the rolandic area and is presumably much more highly 'processed', can steer, from each hemisphere, either hand on to a target, but can control the orientation and precision patterns of the contralateral fingers only. Of the localization and nature of the higher level executive programs of skilled performance we know nothing. For all we know, the cortex as a whole may indeed be equipotential for these functions; after all, Lashley's (1950) 'search for the engram' went unrewarded. If so, what is the need for localization at the middle level? The rolandic cortex is an anatomical focus for convergence from very wide areas of cortex which reflect back to it through basal ganglia and cerebellum and thalamus: it is the headward end of a major Sherringtonian 'common path' leading to the lowest level. Functionally it could be the target of convergence of any number of sensorimotor processes scattered anywhere in those wide areas. Sherrington's 'principle of convergence' is a functional concept, but it seems inconceivable that a million pyramidal axons could be picked up in useful combinations if their cells of origin were scattered over the whole neocortex. At the other extreme, if the neurones of every corticomotoneuronal colony were packed close together and segregated from those of other colonies, this might create unfavourable conditions for their progressive recruitment, in appropriate combination with fractions of other colonies, by some 'travelling' intracortical selector mechanism. Intermingled colonies projecting to motoneurones operating the same joints could presumably be scattered as widely in the cortex as the span of U-fibres that could link them in varying patterns. Sperry's (1947) multiple cortical transections did not disturb the function of the hand unless they were deep enough to damage U-fibres. Further, it is well known that the density of packing of cortical neurones gets lower as brains get bigger. In man's brain the density is highest in the striate area and lowest in the precentral gyrus (Sholl 1956 ). The wider the spacing the richer, presumably, the possibilities of interconnexion. Such speculation may be idle for a few years longer. But surely there is no reason to expect the grain of localization at the middle level to be any 'better' than at the lowest level to which it projects. To reduce it to absurdity, what functional advantage could accrue if the middle level were so 'wired up' to the lowest level as to re-portray the segmental-myotomal arrangements of the limbless ancestor which have been all but obliterated at the lowest level for 500 million years? Perhaps one may hazard the remark that in sensorimotor processes in general, localization might tend to a greater degree of 'minuteness' on the receptor than on the effector side. There must be no ambiguity about the location of an object in the field of vision. But the part used to grasp it may start from as many different postures and may reach it by as many different trajectories as there are occasions to grasp.
